We prove that every bounded Lipschitz function F on a subset Y of a length space X admits a tautest extension to X, i.e., a unique Lipschitz extension u : X → R for which Lip U u = Lip ∂U u for all open U ⊂ X Y . This was previously known only for bounded domains in R n , in which case u is infinity-harmonic, that is, a viscosity solution to ∆ ∞ u = 0, where
1 Introduction and preliminaries
Overview
We consider a class of zero-sum two-player stochastic games called tug-of-war and use them to prove that every bounded real-valued Lipschitz function F on a subset Y of a length space X admits a unique absolutely minimal (AM) extension to X, i.e., a unique Lipschitz extension u : X → R for which Lip U u = Lip ∂U u for all open U ⊂ X Y . We present an example that shows this is not generally true when F is merely Lipschitz and positive. (Recall that a metric space (X, d) is a length space if for all x, y ∈ X, the distance d(x, y) is the infimum of the lengths of continuous paths in X that connect x to y. Length spaces are more general than geodesic spaces, where the infima need to be achieved.) When X is the closure of a bounded domain U ⊂ R n and Y is its boundary, a Lipschitz extension u of F is AM if and only it is infinity harmonic in the interior of X Y , i.e., it is a viscosity solution (defined below) to ∆ ∞ u = 0, where ∆ ∞ is the so-called infinity Laplacian
(informally, this is the second derivative of u in the direction of the gradient of u). Aronsson proved this equivalence for smooth u in 1967 and Jensen proved the general statement in 1993 [1, 14] . Our analysis of tug-of-war also shows that in this setting ∆ ∞ u = g has a unique viscosity solution (extending F ) when g : U → R is continuous and inf g > 0 or sup g < 0, but not necessarily when g assumes values of both signs. We note that in the study of the homogenous equation ∆ ∞ u = 0, the normalizing factor |∇u| −2 in (1) is sometimes ommitted; however, it is important to include it in the nonhomegenous equation. Observe that with the normalization, ∆ ∞ coincides with the ordinary laplacian ∆ in the one-dimensional case.
Unlike the ordinary Laplacian or the p-Laplacian for p < ∞, the infinity Laplacian can be defined on any length space with no additional structure (such as a measure or a canonical Markov semigroup)-that is, we will see that viscosity solutions to ∆ ∞ u = g are well-defined in this generality. We will establish the above stated uniqueness of solutions u to ∆ ∞ u = g in the setting of length spaces.
Originally, we were motivated not by the infinity Laplacian but by random turn Hex [23] and its generalizations, which led us to consider the tug-of-war game. As we later learned, tug-of-war games have been considered by Lazarus, Loeb, Propp and Ullman in [17] (see also [16] ).
Tug-of-war on a metric space is very natural and conceivably applicable (like differential game theory) to economic and political modeling.
The intuition provided by thinking of strategies for tug-of-war yields new results even in the classical setting of domains in R n . For instance, in Section 4 we show that if u is infinity-harmonic in the unit disk and its boundary values are in [0, 1] and supported on a δ-neighborhood of the ternary Cantor set on the unit circle, then u(0) < δ β for some β > 0. Before precisely stating our main results, we need several definitions.
Random turn games and values
We consider two-player, zero-sum random-turn games, which are defined by the following parameters: a set X of states of the game, two directed transition graphs E I , E II with vertex set X, a nonempty set Y ⊂ X of terminal states (a.k.a. absorbing states), a terminal payoff function F : Y → R, a running payoff function f : X Y → R, and an initial state x 0 ∈ X.
Game play is as follows: a token is initially placed at position x 0 . At the k th step of the game, a fair coin is tossed, and the player who wins the toss may move the token to any x k for which (x k−1 , x k ) is a directed edge in her transition graph. The game ends the first time x k ∈ Y , and player I's payoff is F (x k ) + k−1 i=0 f (x i ). Player I seeks to maximize this payoff, and since the game is zero-sum, player II seeks to minimize it.
We will use the term tug-of-war (on the graph with edges E) to describe the game in which E := E I = E II (i.e., players have identical move options) and E is undirected (i.e., all moves are reversible). We use the term directed tug-of-war when E I = E II and the graph is not necessarily undirected.
In the most conventional version of tug-of-war on a graph, Y is a union of "target sets" Y I and Y II , there is no running payoff (f = 0) and F is identically 1 on Y I , identically 0 on Y II . Players then try to "tug" the game token to their respective targets (and away from their opponent's targets) and the game ends when a target is reached.
A strategy for a player is a way of choosing the player's next move as a function of all previously played moves and all previous coin tosses. It is a map from the set of partially played games to moves (or in the case of a random strategy, a probability distribution on moves). Normally, one would think of a good strategy as being Markovian, i.e., as a map from the current state to the next move, but it is useful to allow more general strategies that take into account the history.
Given two strategies S I , S II , let F − (S I , S II ) and F + (S I , S II ) be the expected total payoff (including the running payoffs received) at the termination of the game -if the game terminates with probability one and this expectation exists in [−∞, ∞]; otherwise, let F − (S I , S II ) = −∞ and F + (S I , S II ) = +∞.
The value of the game for player I is defined as sup S I inf S II F − (S I , S II ). The value for player II is inf S II sup S I F + (S I , S II ). We use the expressions u I (x) and u II (x) to denote the values for players I and II, respectively, as a function of the starting state x of the game.
Note that if player I cannot force the game to end almost surely, then u I = −∞, and if player II cannot force the game to end almost surely, then u II = ∞. Clearly, u I (x) ≤ u II (x). When u I (x) = u II (x), we say that the game has a value, given by u(x) := u I (x) = u II (x).
Our definition of value for player I penalizes player I severely (awarding payoff −∞) for not forcing the game to terminate. There are of course other definitions of player I's value involving different ways of assigning payoffs to the non-terminating sequences x 0 , x 1 , x 2 , . . .. If the payoff function for the non-terminating games is (still zero-sum) a Borel-measurable function of the infinite sequence, player I's value is equal to player II's value in great generality [18] (see also [21] for more on stochastic games).
The existence of a value by our strong definition implies the existence and equality of the values defined by these alternative definitions. In other words, when we say a value function u exists for a game with parameters (X, E 1 , E 2 , Y, F, f ), this means that u depends on only these parameters and is independent of the valuations assigned to non-terminating sequences.
Considering the two possibilities for the first coin toss yields the following lemma, a variant of which appears in [17] . for every non-terminal state x ∈ X Y for which the right-hand-side is well-defined, and u I (x) = −∞ when the right-hand-side is of the form if d(x, y) < ε and let u ε be the value (if it exists) of the game played on E ε with terminal payoff F and running payoff normalized to be ε 2 f . In other words, u ε (x) is the value of the following two-player zero-sum game, called ε-tug-of-war: fix x 0 = x ∈ X Y . At the k th turn, the players toss a coin and the winner chooses an x k with d(x k , x k−1 ) < ε. The game ends when x k ∈ Y , and player I's payoff is F (x k ) + ε 2 k−1 i=0 f (x i ). When the limit u := lim ε→0 u ε exists pointwise, we call u the continuum value (or just "value") of the quintuple (X, d, Y, F, f ). We define the continuum value for player I (or II) analogously.
The reader may wonder why we have chosen not to put an edge in E ε between x and y when d(x, y) = ε exactly. This choice has some technical implications. Specifically, we will compare the ε-game with the 2 ε-game. If x, z are such that d(x, z) ≤ 2 ε, then in a lengthspace it does not follow that there is a y such that d(x, y) ≤ ε and d(y, z) ≤ ε. However, it does follow if you replace the weak inequalities with strong inequalities throughout.
We prove the following: Theorem 1.3. Suppose X is a length space, Y ⊂ X is non-empty, F : Y → R is bounded below and has an extension to a uniformly continuous function on X, and either f : X Y → R satisfies f = 0 or all three of the following hold: inf |f | > 0, f is uniformly continuous, and X has finite diameter. Then the continuum value u exists and is a uniformly continuous function extending
The above condition that F : Y → R extends to a uniformly continuous function on X is equivalent to having F uniformly continuous on Y and "Lipschitz on large scales," as we prove in Lemma 3.9 below.
We will see in Section 5.1 that this fails in general when f > 0 but inf f = 0. When f assumes values of both signs, it fails even when X is a closed disk in R 2 , Y is its boundary and F = 0. In Section 5.3 we show by means of an example that in such circumstances it may happen that u 
Absolutely minimal Lipschitz extensions
Given a metric space (X, d), a subset Y ⊂ X and a function u : X → R, we write
It is well known that for any metric space X, any Lipschitz F on a subset Y of X admits a minimal extension. The largest and smallest minimal extensions (introduced by McShane [19] and Whitney [25] in the 1930's) are respectively
and sup
We say u is an absolutely minimal (AM) extension of F if Lip u < ∞ and Lip U u = Lip ∂U u for every open set U ⊂ X Y . We say that u is AM on U if it is defined on U and is an AM extension of its restriction to ∂U. AM extensions were first introduced by Aronsson in 1967 [1] and have applications in engineering and image processing (see [4] for a recent survey).
We prove the following: We present in the counterexample section, Section 5, an example in which F is Lipschitz, non-negative, and unbounded, and although the continuum value is an AM extension, it is not the only AM extension.
Prior to our work, the existence of AM extensions in the above settings was known only for separable length spaces [15] (see also [20] ). The uniqueness in Theorem 1.4 was known only in the case that X is the closure of a bounded domain U ⊂ R n and Y = ∂U. (To deduce this case from Theorem 1.4, one needs to replace X by the smallest closed ball containing U , say.) Three uniqueness proofs in this setting have been published, by Jensen [14] , by Barles and Busca [6] , and by Aronsson, Crandall, and Juutinen [4] . The third proof generalizes from the Euclidean norm to uniformly convex norms.
Our proof applies to more general spaces because it invokes no outside theorems from analysis (which assume existence of a local Euclidean geometry, a measure, a notion of twice differentiability, etc.), and relies only on the structure of X as a length space.
As noted in [4] , AM extensions do not generally exist on metric spaces that are not length
, with the Euclidean metric, and Y = {(0, 1), (1, 0)}, then no non-constant F : Y → R has an AM extension.)
One property that makes length spaces special is that the Lipschitz norm is determined locally. More precisely, if W ⊂ X is closed, then either Lip W u = Lip ∂W u or for every δ > 0
The definition of AM is inspired by the notion that if u is the "tautest possible" Lipschitz extension of F , it should be tautest possible on any open V ⊂ X Y , given the values of u on ∂V and ignoring the rest of the metric space. Without locality, the rest of the metric space cannot be ignored (since long-distance effects may change the global Lipschitz constant), and the definition of AM is less natural. Another important property of length spaces is that the graph distance metric on E ε scaled by ε approximates the original metric, namely, it is within ε of d(·, ·).
Infinity Laplacian on R n
The continuum version of the infinity Laplacian is defined for C 2 functions u on domains
This is the same as η T Hη, where H is the Hessian of u and η = ∇u/|∇u|. Informally, ∆ ∞ u is the second derivative of u in the direction of the gradient of u. If ∇u(x) = 0 then, ∆ ∞ u(x) is undefined; however, we adopt the convention that if the second derivative of u(x) happens to be the same in every direction (i.e, the matrix {u x i x j } is λ times the identity), then ∆ ∞ u(x) = λ, which is the second derivative in any direction. (As mentioned above, some texts on infinity harmonic functions define ∆ ∞ without the normalizing factor |∇u| −2 . When discussing viscosity solutions to ∆ ∞ u = 0, the two definitions are equivalent. The fact that the normalized version is sometimes undefined when ∇u = 0 turns out not to matter because it is always well-defined at x when ϕ is a cone function, i.e., it has the form a|x − z| + b for a, b ∈ R and z ∈ R n with z = x, and viscosity solutions can be defined via comparison with cones, see Section 1.6.) As in the discrete setting, u is infinity harmonic if ∆ ∞ u = 0.
While discrete infinity-harmonic functions are a recent concept, introduced in finitedifference schemes for approximating continuous infinity harmonic functions [22] , related notions of value for stochastic games are of course much older. The continuous infinity Laplacian appeared first in the work of Aronsson [1] and has been very thoroughly studied [4] . Key motivations for studying this operator are the following:
1. AM extensions: Aronsson proved that C 2 extensions u on domains U ⊂ R n (of functions F on ∂U) are infinity harmonic if and only if they are AM.
p-harmonic functions:
As noted by Aronsson [1] , the infinity Laplacian is the formal limit, as p → ∞ of the (properly normalized) p-Laplacians. Recall that p-harmonic functions, i.e. minimizers u of |∇u(x)| p dx subject to boundary conditions, solve the Euler-Lagrange equation
which can be rewritten
where ∆ is the ordinary Laplacian. Dividing by |∇u| p−2 , we see that (at least when |∇u| = 0) p-harmonic functions satisfy ∆ p u = 0, where ∆ p := ∆ ∞ + (p − 2) −1 ∆; the second term vanishes in the large p limit. It is not too hard to see that as p tends to infinity, the Lipschitz norm of any limit of the p-harmonic functions extending F will be Lip ∂U F ; so it is natural to guess (and was proved in [7] ) that as p tends to infinity the p-harmonic extensions of F converge to a limit that is both absolutely minimal and a viscosity solution to ∆ ∞ u = 0.
In the above setting, Aronsson also proved that there always exists an AM extension, and that in the planar case U ⊂ R 2 , there exists at most one C 2 infinity harmonic extension; however C 2 infinity harmonic extensions do not always exist [2] . To define the infinity-Laplacian in the non-C 2 setting requires us to consider weak solutions; the right notion here is that of viscosity solution, as introduced by Crandall and Lions (1983) [11] . Start by observing that if u and v are C 2 functions, u(x) = v(x), and v ≥ u in a neighborhood of x, then v − u has a local minimum at x, whence ∆ ∞ v(x) ≥ ∆ ∞ u(x) (if both sides of this inequality are defined). This comparison principle (which has analogs for more general degenerate elliptic PDEs [5] ) suggests that if u is not C 2 , in order to define ∆ ∞ u(x) we want to compare it to C 2 functions ϕ for which ∆ ∞ ϕ(x) is defined. Let S(x) be the set of real valued functions ϕ defined and C 2 in a neighborhood of x for which ∆ ∞ ϕ(x) has been defined; that is, either ∇ϕ(x) = 0 or ∇ϕ(x) = 0 and the limit ∆ ∞ ϕ(x) := lim x ′ →x 2
exists.
Definition. Let X be a domain in R n and let u : X → R be continuous. Set
: ϕ ∈ S(x) and x is a local minimum of ϕ − u} .
Thus u satisfies ∆
and call u a viscosity supersolution of
, u is both a supersolution and a subsolution).
Here is a little caveat. At present, we do not know how to show that ∆ ∞ u = g in the viscosity sense determines g. For example, if u is Lipschitz, g 1 and g 2 are continuous, and ∆ ∞ u = g j holds for j = 1, 2 (in the viscosity sense), how does one prove that g 1 = g 2 ?
The following result of Jensen (alluded to above) is now well known [1, 14, 4] : If X is a domain in R n and u : X → R continuous, then Lip U u = Lip ∂U u < ∞ for every bounded open set U ⊂ U ⊂ X (i.e., u is AM) if and only if u is a viscosity solution to ∆ ∞ u = 0 in X.
Let A ⊂ Y ⊂ X, where A is closed, Y = ∅ and X is a length space. If x ∈ X, one can define the ∞-harmonic measure of A from x as the infimum of u(x) over all functions u : X → [0, ∞) that are Lipschitz on X, AM in X Y and satisfy u ≥ 1 on A. This quantity will be denoted by ω ∞ (A) = ω 
where c, C > 0 are absolute constants (which do not depend on n).
Numerical calculations [22] had suggested that in the setting of the theorem ω ∞ (A δ ) tends to 0 as δ → 0, but this was only recently proved [12] , and the proof did not yield any quantitative information on the rate of decay. In contrast to our other theorems in the paper, the proof of this theorem does not use tug-of-war. The primary tool is comparison with a specific AM function in R 2 {0} with decay r −1/3 discovered by Aronsson [3] .
Quadratic comparison on length spaces
To motivate the next definition, observe that for continuous functions u : R → R, the inequality ∆ + ∞ u ≥ 0 reduces to convexity. The definition of convexity requiring a function to lie below its chords has an analog, comparison with cones, which characterizes infinityharmonic functions. Call the function ϕ(y) = b |y − z| + c a cone based at z ∈ R n . For an open U ⊂ R n , say that a continuous u : U → R satisfies comparison with cones from above on U if for very open W ⊂ W ⊂ U for every z ∈ R n W , and for every cone ϕ based at z such that the inequality u ≤ ϕ holds on ∂W , the same inequality is valid throughout W . Comparison with cones from below is defined similarly using the inequality u ≥ ϕ.
Jensen [14] proved that viscosity solutions to ∆ ∞ u = 0 for domains in R n satisfy comparison with cones (from above and below), and Crandall, Evans, and Gariepy [10] proved that a function on R n is absolutely minimal in a bounded domain U if and only if it satisfies comparison with cones in U.
Champion and De Pascale [8] To study the inhomogenous equation ∆ ∞ u = g, because u will in general have nonzero second derivitive (in its gradient direction), it is natural to extend these definitions to comparison with functions that have a quadratic term.
Definitions. Let Q(r) = ar 2 + br + c with r, a, b, c ∈ R and let X be a length space.
• Let z ∈ X. We call the function ϕ(x) = Q(d(x, z)) a quadratic distance function (centered at z).
• We say a quadratic distance function
z ∈ V and b = 0 and a > 0. Similarly, we say a quadratic distance function ϕ is ⋆-decreasing on V if −ϕ is ⋆-increasing on V .
• If u : U → R is a continuous function defined on an open set U in a length space X, we say that u satisfies g-quadratic comparison on U if the following two conditions hold:
1. g-quadratic comparison from above: For every open V ⊂ V ⊂ U and ⋆-increasing quadratic distance function ϕ on V with quadratic term a ≤ inf y∈V g(y) 2 , the inequality ϕ ≥ u on ∂V implies ϕ ≥ u on V . This equivalence motivates the study of functions satisfying quadratic comparison. Note that satisfying ∆ ∞ u(x) = g(x) in the viscosity sense depends only on the local behavior of u near x. We may use Theorem 1.7 to extend the definition of ∆ ∞ to length spaces; saying that ∆ ∞ u = g on an open subset U of a length space if and only if every x ∈ U has a neighborhood V ⊂ U on which u satisfies g-quadratic comparison. We warn the reader, however, that even for length spaces X contained within R, there can be solutions to ∆ ∞ u = 0 that do not satisfy comparison with distance functions, (or 0-quadratic comparison, for that matter): for example, X = U = (0, 1) and u(x) = x. The point here is that when we take V ⊂ (0, 1) and compare u with some function ϕ on ∂V , the "appropriate" notion of the boundary ∂V is the boundary in R, not in X.
The continuum value of the tug-of-war game sometimes gives a construction of a function satisfying g-quadratic comparison. We prove: It is easy to verify that F indeed satisfies the assumptions in Theorem 1.8. In order to deduce the Corollary, we may take the length space X as a ball in R n which contains U and extend F to X U, say. Alternatively, we may consider U with its intrinsic metric and lift F to the completion of U.
We present in Section 5 an example showing that the corollary may fail if f is permitted to take values of both signs. Specifically, the example describes two functions u 1 , u 2 defined in the closed unit disk in R 2 and having boundary values identically zero on the unit circle such that with some Lipschitz function g we have ∆ ∞ u j = g for j = 1, 2 (in the viscosity sense), while u 1 = u 2 .
The plan of the paper is as follows. Section 2 discusses the discrete tug-of-war on graphs and proves Theorem 1.2, and Section 3 deals with tug-of-war on length spaces and proves Theorems 1.3, 1.4 and 1.8. Section 4 is devoted to estimates of ∞-harmonic measure. In Section 5, we present a few counter-examples showing that some of the assumptions in the theorems we prove are necessary. Section 6 is devoted to the proof of Theorem 1.7. Section 7 presents some heuristic argument describing what the limiting trajectories of some ǫ-tug-ofwar games on domains in R n may look like and states a question regarding the length of the game. We conclude with additional open problems in Section 8.
2 Discrete game value existence 2.1 Tug-of-war on graphs without running payoffs
In this section, we will assume E = E I = E II and f = 0.
Though we will not use this fact, it is interesting to point out that in the case where E is finite, there is a simple algorithm from [16] which calculates the value u of the game and proceeds as follows. Assuming the value u(v) is already calculated at some set
Recall that u I is the value function for player I. Similarly, if F is bounded above on Y , then u II is the largest ∞-harmonic function bounded above on X that extends F .
Proof. Suppose that v ≥ F on Y and v is ∞-harmonic on X. Given δ > 0, consider an arbitrary strategy for player I and let II play a strategy that at step k (if II wins the coin toss), selects a state where v(·) is within δ2 −k of its infimum among the states II could move to. We will show that the expected payoff for player I is at most v(x 0 ) + δ. (This will prove the Lemma.) We may assume the game terminates a.s. at a time τ < ∞. Let {x j } j≥0 denote the random sequence of states encountered in the game. Since v is ∞-harmonic, the sequence M k = v(x k∧τ ) + δ2 −k is a supermartingale. Optional sampling and Fatou's lemma imply that v(
Now, we prove the first part of Theorem 1.2: When the graph (X, E) is locally finite and Y is finite, this was proven in [16, Thm. 17] . Before we prove this, we discuss several counterexamples that occur when the conditions of the theorem are not met. First, this theorem can fail if E is directed. A trivial counterexample is when X is finite and there is no directed path from the initial state to Y .
If X is infinite and E is directed, then there are counterexamples to Theorem 2.1 even when every vertex lies on a directed path towards a terminal state. For example, suppose X = N and Y = {0}, with F (0) = 0. If E consists of directed edges of the form (n, n − 1) and (n, n + 2), then II may play so that with positive probability the game never terminates, and hence the value for player I is by definition −∞.
Even in the undirected case, a game may not have a value if F is not bounded either from above or below. The reader may check that if X is the integer lattice Z 2 and the terminal states are the x-axis with F ((x, 0)) = x, then the players' value functions are given by u I ((x, y)) = x − |y| and u II ((x, y)) = x + |y|. (Roughly speaking, this is because, in order to force the game to end in a finite amount of time, player I has to "give up" |y| opportunities to move to the right.) Observe also that in this case any linear function which agrees with F on the x-axis is ∞-harmonic.
As a final remark before proving this theorem, let us consider the obvious strategy for the two players, namely for player I to always maximize u on her turn and for II to always minimize u on her turn. Even when E is undirected and locally finite and the payoff function satisfies 0 ≤ F ≤ 1, these obvious strategies need not be optimal. Consider, e.g., the game shown in Figure 1 , where
, and E consists of edges of the form {v(k, j), v(k + 1, j)} and {v(k, j), v(2k, j + 1)}. The terminal states are on the left and right edges of the square, and the payoff is 1 on the left and 0 on the right. Clearly the function u(v(k, j)) = 1 − k/2 j (the Euclidean distance from the right edge of the square) is infinity-harmonic, and by Corollary 2.2 below, we have u I = u = u II . The obvious strategy for player I is to always move left, and for II it is to always move right. Suppose however that player I always pulls left and player II always pulls up. It is easy to check that the probability that the game ever terminates when starting from v(k, j) is at most 2/(k + 2) (this function is a supermartingale under the corresponding Markov chain). Therefore the game continues forever with positive probability, resulting in a payoff of −∞ to player I. Thus, an optimal strategy for player I must be able to force the game to end, and must be prepared to make moves which do not maximize u.
Proof of Theorem 2.1. If F is bounded above but not below, then we may exchange the roles of players I and II and negate F to reduce to the case where F is bounded below.
Since u I ≤ u II always holds, we just need to show that u II ≤ u I . Since player I could always pull towards a point in Y and thereby ensure that the game terminates, we have u I ≥ inf Y F > −∞. Let u = u I and write δ(x) = sup y:y∼x |u(y) − u(x)|. Let x 0 , x 1 , . . . be the sequence of positions of the game. For ease of exposition, we begin by assuming that E is locally finite (so that the supremums and infimums in the definition of the ∞-Laplacian definition are achieved) and that δ(x 0 ) > 0; later we will remove these assumptions.
To motivate the following argument, observe that δ(x j ) is non-decreasing in j if players I and II adopt the strategies of maximizing (respectively, minimizing) u at every step. Let X 0 := {x ∈ X : δ(x) ≥ δ(x 0 )} ∪ Y . For n = 0, 1, 2, . . . let j n = max{j ≤ n : x j ∈ X 0 } and v n = x jn , which is the last position in X 0 up to time n. We will shortly describe a strategy for II based on the idea of backtracking to X 0 when not in X 0 . If v n = x n , we may define a backtracking move from x n as any move to a neighbor y n of x n that is closer to v n than x n in the subgraph G n ⊂ (X, E) spanned by the vertices x jn , x jn+1 , . . . , x n . Here, "closer" refers to the graph metric of G n . When II plays the backtracking strategy, she backtracks whenever not in X 0 and plays to a neighbor minimizing u I when in X 0 . Now consider the game evolving under any strategy for player I and the backtracking strategy for II. Let d n be the distance from x n to v n in the subgraph G n . Set
It is clear that u(x n ) ≤ m n , because there is a path of length d n from x n to v n in G n and the change in u across any edge in this path is less than δ(x 0 ), by the definition of X 0 . It is easy to verify that m n is a supermartingale, as follows. If x n ∈ X 0 , and player I plays, then
∈ X 0 and II plays, then m n+1 = m n − δ(x 0 ). If x n / ∈ X 0 and player I plays not into X 0 , then m n+1 ≤ m n + δ(x 0 ). The last case to consider is that x n / ∈ X 0 and player I plays into a vertex in X 0 . In such a situation,
Thus, indeed, m n is a supermartingale (bounded below). Let τ denote the first time a terminal state is reached (so τ = ∞ if the game does not terminate). By the martingale convergence theorem, the limit lim n→∞ m n∧τ exists. But when player II plays we have m n+1 ≤ m n − δ(x 0 ). Therefore, the game must terminate with probability 1. The expected outcome of the game thus played is at most m 0 = u(x 0 ). Consequently, u II ≤ u, which completes the proof in the case where E is locally finite and δ(x 0 ) > 0.
Next, what if E is not locally finite, so that supremums and infimums might not be achieved? In this case, we fix a small η > 0, and use the same strategy as above except that if x n ∈ X 0 and II gets the turn, she moves to a neighbor at which u is at most η2 −n−1 larger than its infimum value among neighbors of x n . In this case, m n + η(1 − 2 −n ) is a supermartingale, and hence the expected payoff is at most u(x 0 ) + η. Since this can be done for any η > 0, we again have that u II ≤ u.
Finally, suppose that δ(x 0 ) = 0. Let y ∈ Y , and let player II pull toward y until the first time a vertex x * 0 with δ(x * 0 ) > 0 or x * 0 ∈ Y is reached. (Clearly, such an x * 0 will be reached a.s., because in almost every infinite sequence of fair coin tosses there will be a time when the number of tails exceeds the number of heads by d(x 0 , y).) After that, II continues as above. Since u(x 0 ) = u(x * 0 ), this completes the proof. Proof. This is an immediate consequence of Lemma 2.1, the remark that follows it, and Theorem 2.1.
If E = {(n, n + 1) : n = 0, 1, 2, . . . }, Y = {0} and F (0) = 0, thenũ(n) = n is an example of an (unbounded) ∞-harmonic function that is different from u.
Tug-of-war on graphs with running payoffs
Suppose now that f = 0. Then the analog of Theorem 2.1 does not hold without additional assumptions. For a simple counterexample, suppose that E is a triangle with self loops at its vertices (i.e., a player may opt to remain in the same position), that the vertex v 0 is a terminal vertex with final payoff F (v 0 ) = 0, and the running payoff is given by f (v 1 ) = −1 and f (v 2 ) = 1. Then the function given by
The reader may check that u I is the smallest of these functions and u II is the largest. The gap of 2 between u I and u II appears because a player would have to give up a move (sacrificing one) in order to force the game to end. This is analogous to the Z 2 example given in §2.1. Both players are earning payoffs in the interior of the game, and moving to a terminal vertex costs a player a turn.
One way around this is to assume that f is either uniformly positive or uniformly negative, as in the following analog of Theorem 2.1. We now prove the second half of Theorem 1.2: Proof. By considering a strategy for player I that always pulls toward a specific terminal state y, we see that inf X u I ≥ inf Y F . By Lemma 1.1, ∆ ∞ u I = −2f on X Y . Letũ be any solution to ∆ ∞ũ = −2f on X Y that is bounded below on X and has the given boundary values on Y . Claim: u II ≤ũ. In proving this, we may assume without loss of generality that G Y is connected, where G is the graph (X, E). Then ifũ = ∞ at some vertex in X Y , we also haveũ = ∞ throughout X Y , in which case the claim is obvious. Thus, assume thatũ is finite on X Y . Fix δ ∈ (0, inf f ) and let II use the strategy that at step k, if the current state is x k−1 and II wins the coin toss, selects a state
Then for any strategy chosen by player I, the sequence
f (x j ) is a supermartingale bounded from below, which must converge a.s. to a finite limit. Since inf f > 0, this also forces the game to terminate a.s. Let τ denote the termination time. Thenũ
Thus this strategy for II shows that u II (x 0 ) ≤ũ(x 0 ) + δ. Since δ > 0 is arbitrary, this verifies the claim. In particular, u II ≤ u I in X, so u II = u I . Now suppose that sup F < ∞ and sup f < ∞, andũ is a bounded solution to ∆ ∞ũ = −2f with the given boundary values. By the claim above,ũ ≥ u II = u I . On the other hand, player I can play to maximize or nearly maximizeũ in every move. Under such a strategy, he guarantees that by turn k the expected payoff is at leastũ(
is 0 if the game has terminated by time k andũ(x k ) otherwise. If the expected number of moves played is infinite, the expected payoff is infinite. Otherwise, lim k E[Q(k)] = 0, sinceũ is bounded. Thus, u II = u I ≥ũ in any case.
3 Continuum value of tug-of-war on a length space
Preliminaries and outline
In this section, we will prove Theorem 1.3, Theorem 1.8 and Theorem 1.4. Throughout this section, we assume (X, d, Y, F, f ) denotes a tug-of-war game, i.e., X is a length space with distance function d, Y ⊂ X is a nonempty set of terminal states, F : Y → R is the final payoff function, and f : X Y → R is the running payoff function. We let x k denote the game state at time k in ε-tug-of-war.
It is natural to ask for a continuous-time version of tug-of-war on a length space. Precisely and rigorously defining such a game (which would presumably involve replacing coin tosses with white noise, making sense of what a continuum no-look-ahead strategy means, etc.) is a technical challenge we will not undertake in this paper (though we include some discussion of the small-ε limiting trajectory of ε tug-of-war in the finite-dimensional Euclidean case in Section 7). But we can make sense of the continuum game's value function u 0 by showing that the value function u ε for the ε-step tug-of-war game converges as ε → 0. The value functions u ε do not satisfy any nice monotonicity properties as ε → 0. In the next subsection we define two modified versions of tug-of-war whose values closely approximate u ε , and which do satisfy a monotonicity property along sequences of the form ε2 −n , allowing us to conclude that lim n u ε2 −n exists. Then we show that any such limit is a bounded below viscosity solution to ∆ ∞ u = −2f , and that any viscosity solution bounded below is an upper bound on such a limit, so that any two such limits must be equal, which will allow us to prove that the continuum limit u 0 = lim ε u ε exists. Because the players can move the game state almost as far as ε, either player can ensure that d(x k , y) is "almost a supermartingale" up until the time that x k = y. When doing calculations it is more convenient to instead work with a related metric d ε defined by d ε (x, y) := ε × (min # steps from x to y using steps of length < ε)
ε is the graph distance scaled by ε, it is in fact a metric, and either player may choose to make d ε (x k , y) a supermartingale up until the time x k = y.
II-favored tug-of-war and dyadic limits
We define a game called II-favored ε-tug-of-war that is designed to give a lower bound on player I's expected payoff. It is related to ordinary ε-step tug-of-war, but II is given additional options, and player I's running payoffs are slightly smaller. At the (i + 1) st step, player I chooses a point z in B ε (x i ) and a coin is tossed. If player I wins the coin toss, the game position moves to a point, of player II's choice, in (
this means simply moving to z.) If II wins, then the game position moves to a point in B 2ε (z) of II's choice. The game ends at the first time τ for which x τ ∈ Y . Player I's payoff is then −∞ if the game never terminates, and otherwise it is
where z i is the point that player I targets on the i th turn, and f (y) is defined to be zero if y ∈ Y . We let v ε be the value for player I for this game. Given a strategy for player II in the ordinary ε-game, player II can easily mimic this strategy in the II-favored ε-game and do at least as well, so v ε ≤ u ε I . Let w ε be the value for player II of I-favored ε-tug-of-war, defined analogously but with the roles of player I and player II reversed (i.e., at each move, II selects the target less than ε units away, instead of player I, etc., and the inf in the running payoff term in Equation (5) is replaced with a sup, and games that never terminate have payoff +∞). For any ε > 0 we have
Lemma 3.1. For any ε > 0,
Proof. We have already noted that
We will prove that v 2ε ≤ v ε ; the inequality w ε ≤ w 2ε follows by symmetry. Consider a strategy S 2ε I for II-favored 2ε-tug-ofwar. We define a strategy S ε I for player I for the II-favored ε game that mimics S 2ε I as follows. Whenever strategy S 2ε I would choose a target point z, player I "aims" for z for one "round," which we define to be the time until one of the players has won the coin toss two more times than the other player. By "aiming for z" we mean that player I picks a target point that, in the metric d ε , is ε units closer to z than the current point. With probability 1/2, player I gets two surplus moves before II, and then the game position reaches z (or a point in Y ∩ B 4ε (z)) before the game position exits B 4ε (z). If player II gets two surplus moves before player I, then the game position will be in B 4ε (z). (See Figure 2 .) The expected number of moves in this round of the II-favored ε game is 4; and the running payoff at each move is an ε 2 times the infimum over a ball of radius 2ε that is a subset of B 4ε (z) (as opposed to (2ε) 2 times the infimum over the whole ball). Hence strategy S ε I guarantees for the II-favored ε game an expected total payoff that is at least as large as what S 2ε I guarantees for the II-favored 2ε game.
Thus v ε converges along dyadic sequences: v ε/2 ∞ := lim n→∞ v ε2 −n exists. A priori the subsequential limit could depend upon the choice of the dyadic sequence, i.e., the initial ε.
The same argument can be used to show that v kε ≤ v ε for positive integers k. )) with probability at least 1/2, and otherwise the state still remains within B 4ε (z). During the first step of the round, when player I has targetz, the running payoff is the infimum of f over B 2ε (z) ⊂ B 4ε (z), and during any step of the round the infimum is over a subset of B 4ε (z).
Comparing favored and ordinary tug-of-war
We continue with a preliminary bound on how far apart v ε and w ε can be. Let Lip 
Such an expected payoff is guaranteed for player I if he adopts a pull towards y strategy, which at each move attempts to reduce d ε (x t , y). Similarly a pull towards y strategy for II gives,
Proof. Let player I use a pull towards y strategy. Let τ be the time at which Y is reached, which will be finite a.s. The distance d ε (x k , y) is a supermartingale, except possibly at the last step, where player II may have moved the game state to a terminal point up to a distance of 2ε from the target, even if player I wins the coin toss. Thus
If f = 0 and X has finite diameter, then the expected number of steps before the game terminates is at most the expected time that a simple random walk on the interval of integers [0, 1 + ⌊diam(X)/ε⌋] (with a self-loop added at the right endpoint) takes to reach 0 when started at j := d ε (x, y)/ε, i.e., at most j 3 + 2 ⌊diam(X)/ε⌋ − j . Hence
This gives the desired lower bound on v ε (x). The symmetric argument gives the upper bound for w ε (x).
Next, we show that the lower bound v ε on u ε I is a good lower bound. Then
Note that since X is assumed to be a length space, the assumptions imply that sign(f ) is constant and sup |f | < ∞.
Proof. In order to prove that u ε I is not much larger than v ε , consider a strategy S I for player I in ordinary ε-tug-of-war, which achieves an expected payoff of at least u ε I − ε against any strategy for player II. We shortly describe a modified strategy S F I for player I playing the II-favored game, which does almost as well as S I does in the ordinary game. To motivate S F I , observe that a round in the II-favored ε-tug-of-war can alternatively be described as follows. Suppose that the position at the end of the previous round is x. First, player I gets to make a move to an arbitrary point z satisfying d(x, z) < ε. Then a coin is tossed. If player II wins the toss, she gets to make two steps from z, each of distance less than ε. Otherwise, II gets to move to an arbitrary point in B 2ε (z) ∩ Y , but only if the latter set is nonempty. This completes the round. The strategy S F I is based on the idea that after a win in the coin toss by II, player I may use his move to reverse one of the two steps excuted by II (provided Y has not been reached).
As strategy S F I is playing the II-favored game against player II, it keeps track of a virtual ordinary game. At the outset, the II-favored game is in state x F 0 , as is the virtual game. As long as the virtual and the favored game have not ended, each round in the favored game corresponds to a round in the virtual game, and the virtual game uses the same coin tosses as the favored game. In each such round t, the target z F t for player I in the favored game is the current state x t in the ordinary game. If player I wins the coin toss, then the new game state x F t+1 in the favored game is his current target z F t , which is the state of the virtual game x t , and the new state of the virtual game x t+1 is chosen according to strategy S I applied to the history of the virtual game. If player II wins the toss and chooses the new state of the favored game to be x F t+1 , where necessarily d(x F t+1 , x t ) < 2 ε, then in the virtual game the virtual player II chooses the new state x t+1 as some point satisfying d(x t+1 , x t ) < ε and d(x t+1 , x F t+1 ) < ε. Induction shows that d(x F t , x t ) < ε as long as both games are running, and thus the described moves are all legal.
If at some time the virtual game has terminated, but the favored game has not, we let player I continue playing the favored game by always pulling towards the final state of the virtual game. If the favored game has terminated, for the sake of comparison, we continue the virtual game, but this time let player II pull towards the final state of the favored game and let player I continue using strategy S I .
Let τ F be the time at which the favored game has ended, and let τ be the time at which the ordinary virtual game has ended. By Lemma 
There is a strategy S II for player II in the ordinary game, which corresponds to the play of player II in the virtual game when player I uses S I and S F I and player II uses S F II in the favored game. (The description of the virtual game defines S II for some game histories, and we may take an arbitrary extension of this partial strategy to all possible game histories.) The above shows that the expected payoff for player I in the ordinary game when player I uses S I and player II uses S II differs from the expected payoff for player I in the favored game when player I uses S F I and player II uses S
Hence under the assumption of Lemma 3.3, lim n→∞ u
Dyadic limits satisfy quadratic comparison
We start by showing that u Proof. Fix some δ > 0. Consider the strategy for player II that from a state x k−1 ∈ V ε at distance r = d(x k−1 , z) from z pulls to state z (if r < ε) or else moves to reduce the distance to z by "almost" ε units, enough to ensure that Q(d(x k , z)) < Q(r − ε) + δ2 −k . If r < ε, then z ∈ V whence Q(t) = at 2 + c with a ≥ 0. In this case, if II wins the toss, then x k = z, whence ϕ(x k ) = Q(0) ≤ Q(r − ε). Thus for all r ≥ 0, regardless of what strategy player I adopts,
Setting τ := inf{k :
Suppose that player I uses a strategy with expected payoff larger than −∞. (If there is no such strategy, the assertion of the Lemma is obvious.) Then τ < ∞ a.s. We claim that
Clearly this holds if τ is replaced by τ ∧ k. To pass to the limit as k → ∞, consider two cases.
• If a ≤ 0, then since ϕ is ⋆-increasing on V , it is also bounded from below on V . Consequently, M k is a supermartingale bounded below, so (7) holds.
• If a > 0, then sup Vε f < 0, by (6) . By assumption therefore diamV < ∞, which implies sup V |ϕ| < ∞. If E[τ ] = ∞, we get E[M τ ] = −∞, and hence (7) holds. On the other hand, if E[τ ] < ∞, then dominated convergence gives (7).
Since u ε I (x τ ) ≤ ϕ(x τ ), we deduce that
≤ sup
where S I runs over all possible strategies for player I with expected payoff larger than −∞. Since δ > 0 was arbitrary, the proof is now complete.
In order for u ε I to satisfy (−2f )-quadratic comparison (from above), we would like to know that if u ε I ≤ ϕ on the boundary of an open set, then this (almost) holds in a neighborhood of the boundary, so that we can apply the above lemma. To do this we prove a uniform Lipschitz lemma: 
Now suppose x, y ∈ X Y . Set Y * = Y ∪ {y}, F * = F on Y and F * (y) = u ε I (y). Then, clearly, the value of u ε I (x) for the game where Y is replaced by Y * and F is replaced by F * is the same as for the original game. By (8), we have Lip
which completes the proof. 
we have by Lemma 3.1 that v ε2 −n converges uniformly to v ε/2 ∞ . So for any δ > 0, if n ∈ N is large enough, then v ε2 −n ≤ ϕ + δ on ∂V . Note also that ϕ is necessarily uniformly continuous on V . (If diamV < ∞ or a = 0, this is clear. Otherwise, f = 0 and a < 0. However, a < 0 implies that diamV < ∞, since ϕ is ⋆-increasing on V .) Hence, by the uniform Lipschitz lemma 3.5, u ε2 −n I ≤ ϕ + 2 δ on V V ε2 −n for all sufficiently large n ∈ N, where we use the notations of Lemma 3.4. By that lemma u ε2 −n I ≤ ϕ + 2 δ on all of V . Letting n → ∞ and δ → 0 shows that v ε/2 ∞ satisfies (−2f )-quadratic comparison from above. To prove quadratic comparison from below, note that the only assumptions which are not symmetric under exchanging the roles of the players are inf F > −∞ and inf f > 0. However, we only used these assumptions to prove w ε/2 ∞ = v ε/2 ∞ . Consequently, comparison from below follows by symmetry.
Convergence
Lemma 3.7. Suppose that v is continuous and satisfies (−2f )-quadratic comparison from below on X Y , and that f is locally bounded below. Let δ > 0. Then in II-favored ε-tugof-war, when player I (using any strategy) targets point z i on step i, player II may play to make M t∧τε a supermartingale, where
Proof. Let z = z t be the point that player I has targeted at time t. Assume that t < τ ε . We define the following: r + v(z) (Q(0) = v(z), Q(2ε) = A, Q(ε) = β, and
Player II can play so that E v(x t ) z t and all prior events ≤ (v(z)+A)/2+δ2 −t , i.e., so that E M t z t and prior events − M t−1 ≤ β − v(x t−1 ). We will show that whenever d(x, z) < ε we have v(x) ≥ β, and then it will follow that M is a supermartingale. There are two cases to check, depending on whether α > 0 or α ≤ 0: 
A is a lower bound for v on ∂B 2ε (z), and hence applying (−2f )-quadratic comparison in
2 )/(2ε) ≤ 0, which together with Q ′′ < 0 implies that Q is decreasing on [0, 2ε]. By applying (−2f )-quadratic comparison on B 2ε (z) {z} we see that for Proof. The idea is for player II to make the M defined in Lemma 3.7 a supermartingale, but we need to pick a stopping time τ such that E[M τ ] ≤ M 0 while v ε (x τ ) is unlikely to be much larger than v(x τ ). Let W := {x ∈ X : d(x, Y ) ≥ 3 ε} and let τ ε be defined as in Lemma 3.7; that is τ ε := inf{t ∈ N : x t / ∈ W }. Set λ ε := sup X W (v ε − v), and let δ > 0. We first show
In the case that f = 0, the supermartingale M is bounded below, so we can choose τ = τ ε . Player I is compelled to ensure τ < ∞. Conditional on the game up to time τ , player I cannot guarantee a conditional expected payoff better than (9), as desired.
In the case f = 0, we let τ n := τ ε ∧ n, where n ∈ N. Then E[M τn ] ≤ M 0 . Note that sup v ε < ∞, follows from diamX < ∞, v ε ≤ u ε I and Lemma 3.5. Suppose player II makes M a supermartingale up until time τ n . Given play until time τ n , player II may make sure that the conditional expected payoff to player I is at most
Taking expectation and separating into cases in which x τn ∈ W or not, we get
The first term above is < E[M τn ] ≤ M 0 = v(x 0 ) + δ, independent of n. Player I is compelled to play a strategy that ensures τ ∞ is finite a.s., since otherwise the payoff is −∞ < v(x).
With such a strategy, Pr[x τn ∈ W ] → 0 as n → ∞, and since v is bounded below and sup v ε < ∞, the last summand tends to 0 as n → ∞. Thus, we get (9) in this case as well. Next, we show that lim sup εց0 λ ε ≤ 0. Let y ∈ Y , and set Q(r) = a r 2 + b r + c, where
In conjunction with Lemma 3.5, this implies that lim sup εց0 λ ε ≤ 0. Choosing δ = ε and taking ε to 0 therefore gives in (9) lim sup εց0 v ε ≤ v. However, the inequality ′ . This completes the proof in the case where F is Lipschitz. Using the result of Lemma 3.9 below, we know that for every δ > 0 there is a Lipschitz F δ : Y → R such that F −F δ ∞ < δ. Then the Lipschitz case applies to the functions F δ ±δ in place of F . Since the game value u ε for F is bounded between the corresponding value with F δ + δ and F δ − δ, and the latter two values differ by 2δ, the result easily follows.
Lemma 3.9. Let X be a length space, and let F : Y → R be defined on a nonempty subset Y ⊂ X. The following conditions are equivalent:
F is uniformly continuous and sup{(F (y)
− F (y ′ ))/ max{1, d(y, y ′ )} : y, y ′ ∈ Y } < ∞.
F extends to a uniformly continuous function on X.

There is a sequence of Lipschitz functions on
Proof. We start by assuming 1 and proving 2. Let ϕ(δ) := sup
We now show that lim tց0φ (t) = 0. Let ε > 0, and let δ ε > 0 satisfy ϕ(δ ε ) < ε. Such a δ ε exists because F is uniformly continuous. Condition 1 implies that M := sup{ϕ(δ)/δ : δ ≥ δ ε } < ∞. For t < (ε/M) ∧ δ ε , we havẽ
which proves that lim tց0φ (t) = 0. Two other immediate properties ofφ which we will use are that
Consequently, subadditivity and monotonicity ofφ gives
Taking the supremum over all y ′ ∈ Y then implies (10) . Therefore, u is uniformly continuous and 2 holds.
We now assume 2 and prove 3. Let u : X → R be a uniformly continuous extension of F to X. It clearly suffices to approximate u by Lipschitz functions on
The same argument which was used above to prove (10) 
Since X is a length space, ϕ is subadditive. Let t > 0 and k := ⌊d(x, x ′ )/t⌋. Then
Taking the supremum over all x ′ and using the subadditivity of ϕ therefore gives
Since inf t>0 ϕ(t) = 0 and u L ≤ u(x), this proves 3. The passage from 3 to 1 is standard, and therefore omitted. This concludes the proof.
Proof of Theorem 1.8. Lemma 3.9 tells us that F extends to a uniformly continuous function on X and that it can be approximated in · ∞ by Lipschitz functions. We know from Theorem 1.3 that the continuum value u exists and is uniformly continuous. Suppose first that F is Lipschitz. Lemma 3.6 (applied possibly with the roles of the players reversed) says that u satisfies (−2f )-quadratic comparison on X Y . If F is not Lipschitz, we may deduce the same result by approximating F from below by Lipschitz functions and observing that a monotone nondecreasing · ∞ -limit of functions satisfying (−2f )-quadratic comparison from above also satisfies (−2f )-quadratic comparison from above, and making the symmetric argument for comparison from below. Now suppose thatũ is as in the second part of the theorem. This clearly implies infũ > −∞. Now Lemma 3.8 gives u ≤ũ (again, we may need to first approximate F by Lipschitz functions). The uniqueness follows directly.
Proof of Theorem 1.4. If x ∈ X Y and y ∈ Y , then from Lemma 3.2 it follows that
It is clear that the continuum value u * of (X, d, Y ∪ ∂U, F * , 0) is the same as u, since any player may first play a strategy that is appropriate for the (X, d, Y ∪ ∂U, F * , 0) game and once Y ∪ ∂U is hit start playing a strategy that is appropriate for the original game. The above argument shows that u(x) − u(y) ≤ d(x, y) Lip ∂U u if y ∈ ∂U and x ∈ U. In particular, Lip ∂U ∪{x} u = Lip ∂U u, which implies Lip U u = Lip ∂U u; that is, u is AM in X Y . Now suppose that u * : X → R is an AM extension of F and sup |F | < ∞. Lemma 1.6 tells us that u * satisfies comparison with distance functions. Observe that the proof of Lemma 3.8 shows that in the case f = 0 we may replace the hypothesis that v satisfies 0-quadratic comparison from below on X Y by the hypothesis that v satisfies comparison with distance functions from below (since only comparisons with distance functions are used in this case). Thus, u ≤ u * . Similarly, u ≥ u * , which implies the required uniqueness statement and completes the proof.
Harmonic measure for ∆ ∞
Here, we present a few estimates of the ∞-harmonic measure ω ∞ . Before proving Theorem 1.5, we consider the ∞-harmonic of porous sets. Recall that a set S in a metric space Z is α-porous if for every r ∈ (0, diamZ) every ball of radius r contains a ball of radius α r that is disjoint from S. An example of a porous set is the ternary Cantor set in [0, 1]. We start with a general lemma in the setting of length spaces. 
Proof. We will obtain bounds on u ε (x) that are independent of ε (as long as ε ∈ (0, ε 0 )), and these yield bounds on u(x). Since u ε ≥ 0, we need only give a good strategy for player II to obtain an upper bound on u ε (x). The idea is for player II to always have a "plan" for reaching a terminal state at which F is 0 while staying away from the terminal states at which F is nonzero. A plan consists of a sequence of points z 0 , z 1 , . . . , z k , where z 0 is the game state when the plan was formed, z k ∈ Y , and F (z k ) = 0. As soon as the game state reaches z i , player II starts pulling towards z i+1 . If player I is lucky and gets many moves, player II may have to give up on the plan and form a new plan. When tugging towards z i , we suppose that player II gives up and forms a new plan as soon as d ε (x t , z i ) = 2d ε (z i , z i−1 ), and otherwise plays to ensure that d ε (x t , z i ) is a supermartingale. While tugging towards z i , the plan will be aborted at that stage with probability at most 1/2, so with probability at least 2 −k the plan is never aborted and succeeds in reaching z k . Suppose player II aborts the plan at time t while tugging towards z i , and forms a new plan starting at z
so the game state remains far from S. Since player II can always find a short plan (length at most k) when the distance from S is at least d min , player I gets to S with probability at S) )⌉ , which yields the desired upper bound.
The reader may wish to check that the lemma implies lim δց0 ω ∞ (A δ ) = 0 in the setting of Theorem 1.5 (i.e., when X is the unit ball in R n , n > 1, Y = ∂X and A δ is a spherical cap of radius δ.)
We are now ready to state and prove an upper bound on the ∞-harmonic measure of neighborhoods of porous sets. Theorem 4.2. Let X ⊂ R n , n > 1, be the closed unit ball and let Y be its boundary, the unit sphere. Let α ∈ (0, 1/2) and let δ > 0. Let S be an α-porous subset of Y , and let S δ be the closure of the δ-neighborhood of S. Then
Of course, in the above, S is α-porous as a subset of Y . (Every subset of Y is (1/3)-porous as a subset of X.)
Proof. The plan is to use the lemma, of course. Let d min := 2 δ/α. Let z 0 ∈ X Y , and suppose that
We define the sequence z j inductively, as follows. If d(z j , S δ ) ≥ 3 d(z j , Y ), then we take z j+1 to be any closest point to z j on Y . Otherwise, let z j+1 be the point on the line segment from z j to y 1 whose distance from z j is d(z j , y 1 )/10. It can be checked that after k = O(− log α) steps the sequence hits Y S and that the assumptions of the lemma hold with this k, with γ = α/10 and with some ε 0 > 0, independent of z 0 . The theorem now easily follows from the lemma.
We now proceed to study the ∞-harmonic measure of spherical caps. The terminal states are the unit sphere, and the support of F is S δ , the δ-neighborhood of a porous set on the unit sphere. From a starting point z 0 , player II finds a point y 1 on the sphere that is near the closest point y 0 on the sphere but far from S δ . Player II then tugs towards y 1 along a sequence of points, and then when it gets much closer to the sphere than to S δ , it tugs straight to the sphere.
Proof of Theorem 1.5. It turns out to be more convenient to work with −A δ = {−y : y ∈ A δ } in place of A δ . By an obvious comparison argument, it is sufficient to estimate u(0) where u = u δ is the AM function in X Y with boundary values
The function u is invariant under rotations of X preserving (1, 0, . . . , 0) ∈ R n . Therefore, u is also AM in R 2 ∩ X. Thus, we henceforth restrict to the case n = 2, with no loss of generality.
Aronsson constructed a family of viscosity solutions G m to ∆ ∞ u = 0 in R 2 {0} that are separable in polar coordinates: G m (r, θ) = r m 2 /(2m−1) h m (θ) (for m ∈ Z) [3] . We are interested in the m = −1 solution, which may be written as
Observe that when −π/2 ≤ θ ≤ π/2 this solution is non-negative, and G ≥ c r −1/3 when θ ∈ [−π/4, π/4], say, where c > 0 is some fixed constant. Then F ≤ O(1)G δ , wherẽ
Since u(0) is monotone in F , andG δ satisfies ∆ ∞Gδ = 0, it follows that
We now show that the bound u(0) = O(δ 1/3 ) is tight. It is easy to see, using comparison with a cone centered at (−1, 0) 
Using such estimates, it is easy to see that there is a constant c ′ > 0 such that u ≥ c ′ on the disk B of radius δ centered at q := (−1 + 2δ, 0), provided that δ < 1/4, say. Now consider the function
By the choice of the constant c ′ , we have G *
denote the polar coordinates centered at q, the center of B, and (r, θ) denote the standard polar coordinates centered at 0, then 2 |θ ′ | ≥ π − |θ − π| when r = 1 and we choose θ ′ ∈ [−π, π). Also, r ′ is bounded from below by a constant times |θ − π| when θ ∈ [0, 2π] and r = 1. Since |G| ≤ O(1) (π/2) − |θ| r −1/3 when θ ∈ [−π, π), it follows that on the unit circle
on the boundary of the unit circle, as well as on ∂B. Consequently, u ≥ G * δ − O(δ 1/3 ) in the complement of B in the unit disk. This implies that there is some r ∈ (0, 1) such that u δ (−r, 0) ≥ δ −1/3 for all sufficiently small δ. The required estimate u δ (0) ≥ Θ(δ −1/3 ) now follows by several applications of comparison with cones (the number of which depends on r), similar to the above argument estimating a lower bound for u on B.
One could also try to use Aronsson's other solutions G m to bound ∞-harmonic measure of certain sets in other domains. Also, Aronsson has some explicit solutions for ∆ p u = 0, which may serve a similar purpose.
Counterexamples
Tug-of-war games with positive payoffs and no value
Here we give the promised counterexample showing that the hypothesis inf f > 0 in Theorem 1.2 cannot be relaxed to f > 0. As we later point out, a similar construction works in the continuum setting of length spaces.
The comb game is tug-of-war with running payoffs on an infinite undirected graph shaped like a comb, as shown in Figure 4 . The comb is defined by an infinite sequence of positive integers ℓ 0 , ℓ 1 , ℓ 2 . . ., and has states (vertices) {(x, y) ∈ Z 2 : 0 ≤ x and 0 ≤ y ≤ ℓ x }. The edges of the comb are of the form (x, y) ∼ (x, y + 1) and (x, 0) ∼ (x + 1, 0), giving the graph the shape of a comb, where the x th tooth of the comb has length ℓ x . The running payoff f (x, y) is 1/ℓ x if y = 0 and zero otherwise. (Later we will consider a variation where f > 0 everywhere.) The terminal states are the states of the form (x, ℓ x ), and the terminal payoff F is zero on all terminal states. Proof. Suppose that player II adopts the strategy of always pulling up, and player I knows this and seeks to maximize her payoff. Consider the function
Because player II always pulls up, M t is a positive supermartingale, so M t a.s. converges to M ∞ , and by the optional stopping time theorem, 2(1
The naive strategy for player II is to always pull up, since that is the only direction in which 2(1 − y/ℓ x ) decreases. The naive strategy for player I will always pull down if it is possible to do so. If y = 0, then it is not possible to pull down, and so player I may pull left or right, and naively each of these moves is as good as the other.
Suppose that the teeth of the comb are long, i.e.
∞ k=0 1/ℓ k < ∞, and that player I plays the naive strategy and always pulls right when it is possible to do so. If player II also played her naive strategy of always pulling up, then we may calculate the probability that the game terminates when started in state (x, 0). Either the state goes to the terminal state of the tooth or goes to the base of the next tooth, and the latter probability is ℓ x /(ℓ x + 1). When the teeth of the comb are long, the game lasts forever with positive probability. If player II needs to ensure that the game terminates, she will need to be prepared to play moves which do not appear to be optimal, and this increases the value for player II (making the outcome worse for her): Proof. Let player I play the strategy of pulling down when y > 0 and pulling to the right when y = 0. We will estimate from below the expected payoff when player II playes any strategy which guarantees that the game terminates in finite time a.s. against the above strategy for player I. Let a x denote the probability that the game terminates at (x, ℓ x ). Then ∞ x=0 a x = 1. For every x ∈ N let L x , U x and R x denote the expected number of game transitions from (x, 0) to the left, upwards and to the right, respectively (that is, to (x−1, 0), to (x, 1) and to (x + 1, 0), respectively).
First, observe that
because every time that the game state arrives at (x, 1), with conditional probability at most 1/ℓ x the game terminates at (x, ℓ x ) before returning to (x, 0). Next, observe that
because the number of transitions from (x, 0) to (x+1, 0) can exceed the number of transitions from (x + 1, 0) to (x, 0) by at most one. (More precisely, we have L x+1 = R x − j>x a j , but this will not be needed.) Finally, note that
because player I always pulls right at (x, 0). (We set L 0 := 0.) An easy induction shows that the above relations imply
The expected payoff E satsifies
We plug in the above lower bound on R x to obtain
Since x≥0 a x = 1, the lemma follows if we choose ℓ x = (c + x) 3 with c > 0 sufficiently large.
Note that when player II always pulls up, for every vertex v in the comb there is a finite upper bound b(v) on the expected number of visits to v, which holds regardless of the strategy used by player I. Since in the proof of Lemma 5.1 player II always pulls up, it follows that the value for player I is at most 3 even when f is replaced by f (·) + q(·)/ b(·) + 1 , where q > 0 and v q(v) = 1. This modification will certainly not decrease the value for player II. Therefore, in Theorem 1.2, the assumption inf f > 0 cannot be replaced by the assumption f > 0, even if F = 0 througout Y .
Note that we may convert the discrete comb graph to a continuous length space by adding line segments corresponding to edges in the comb. It is then easy to define the corresponding continuous f and conclude that in Theorem 1.3 the assumption inf |f | > 0 cannot be relaxed to f > 0. The details are left to the reader.
Positive Lipschitz function with multiple AM extensions
Here we show that uniqueness in Theorem 1.4 may fail if F is unbounded, that is, we give an (X, Y, F ) (here f = 0) for which F is Lipschitz and positive and the continuum value is not the only AM extension of F .
Let T be the rooted ternary tree, where each node has three direct descendents and every node but the root has one parent. Let X be the corresponding length space, where we glue in a line segment of length 1 for every edge in T . For every node v in T , we label the three edges leading to descendents of v by 1, −1 and * .
We define a function w on the nodes of T by induction on the distance from the root. For any vertex v let k(v) be the number of edges on the simple path from the root to v whose label is not * . Set w(root) := 0. Next, if v is a parent of v ′ and the edge from
, say. This defines w on the vertices of T . We define it on X by linear interpolation along the edges.
Let V 0 denote the set of nodes consisting of the root and all vertices v such that the edge from v to its parent is not labeled * . For each v ∈ V 0 let b(v) be some large integer, whose value will be later specified, and let q(v) be the vertex at distance b(v) away from v along the (unique) infinite simple path starting at v which contains only edges labeled * . Let We first claim that w is AM on X Y . Indeed, let U be an open subset of X Y . If U does not contain any tree node, then Lip U w = Lip ∂U w, because w interpolates linearly inside the edges. Suppose now that v ∈ U is a node. Let β be the infinite path starting at v going always away from the root which uses only edges labeled −1. For each positive integer m let γ m be the infinite path starting at v going always away from the root whose first m edges are labeled 1 and the rest are labeled * . Observe that γ m meets Y 1 and β meets Y 0 . Consequently, γ m ∩ ∂U = ∅ and β ∩ ∂U = ∅. If x 1 ∈ γ m ∩ ∂U and x 0 ∈ β ∩ ∂U, then w(
by the construction of w. Thus Lip ∂U w ≥ 1. Since Lip X w = 1, this proves that w is AM on X Y .
Next, we consider the discrete tug-of-war game on the graph T where f = 0 and F is the restriction of w to Y . We claim that for some vertices v the value u I for player I satisfies u I (v) < w(v). Let x 0 , the starting position of the game, be the third vertex on the infinite simple path from the root whose edges are all labeled 1, say. Let v 0 be a vertex in V 0 Y , which is in the same connected component of T Y as x 0 . Let (v 0 , v 1 , . . . , v b(v 0 ) ) be the simple path from v 0 to q(v 0 ). We now abbreviate n = b(v 0 ), h = w(v 0 ) and a = 1 − 2 −k(v 0 ) . Let player II use the naive strategy of always trying to move from the current state along the edge labeled −1 going away from the root. For i ∈ {0, 1, . . . , n} let τ i be the first time t such that x t = v i , and if no such t exists let τ i = ∞. (As before x t is the game position at time t.) Let M (i) t = w(x t ) for t < τ i and M
is clearly a supermartingale, regardless of the strategy used by player I. Since the game terminates at time t if w(x t ) ≤ 1, this implies that for i ∈ N +
Consequently,
Since a < 1, we can make this smaller than any required positive number by choosing n = b(v 0 ) sufficiently large. We may therefore choose the function b :
Pr game ends at v F (v) < 1/2 .
Since F ≤ 3/2 on Y 0 , this implies u I (x 0 ) < 2 < 3 = w(x 0 ). Let u * be the linear interpolation of u I to the edges. By Lemma 1.1 u I is discrete ∞-harmonic. It follows that in the II-favored ε-tug-of-war game, for every δ > 0 and ε ∈ (0, 1/2) player II can play to make u * (x t )+2 −t δ a supermartingale. Consequently, Lemma 3.3 implies that the value of the continuum game is bounded by u I on the vertices. Since the continuum value is AM on X Y , by Theorem 1.4, this proves our claim that the assumption sup F < ∞ is necessary for uniqueness to follow in the setting of that theorem.
Smooth f on a disk with no game value
Let X be a closed disk in R 2 , and let Y = ∂X be its boundary. We now show that for some smooth function f : X → R, the value u ε I for player I and the value u ε II for player II differ in ε-tug-of-war with F = 0 on Y . Not only are the values different, but the difference does not shrink to zero as ε ց 0. There is a lot of freedom in the choice of the function f , but an essential property, at least for the proof, is that f is anti-symmetric about a line of symmetry of X.
It will be convenient to identify R 2 with C, and use complex numbers to denote points in R 2 . Let f be a C ∞ function such that: Let R > 2 be large, let X = {z : |z| ≤ R}, Y = {z : |z| = R} and F = 0 on Y . Consider ε > 0 small. We want to show that for an appropriate choice of R, then lim inf
Indeed, suppose that this is not the case. Let δ > 0 be small, and suppose that u . Clearly w ≥ −δ on {z ∈ X : Re z ≥ 0} and w ≤ δ on {z ∈ X : Re z ≤ 0}. By considering strategies which pull towards the imaginary axis and then using whatever strategy gives a value in [−2 δ, 2 δ] it is easy to see that |w| = O(1) and that |w| ≤ O(δ + ε) in {z ∈ X : | Re z| ≤ 2 ε}, say. (See, e.g., the proof of Lemma 3.5.) It is then easy to see that there is a constant c 1 > 0, which does not depend on R and ε (as long as ε is sufficiently small and R > 2, say) such that w ≥ c 1 on the disk |z − 1| < 3/4 and w ≤ −c 1 on the disk |z + 1| < 3/4. Since w is nearly anti-symmetric, it is enough to prove the first claim. Indeed, a strategy for player I which demonstrates this is one in which she pulls towards 1 until she accumulates a payoff of 1. If successful, she then aims towards the boundary Y , but whether successful or not, whenever the game position comes within distance ε of the imaginary axis, she changes strategy and adopts an arbitrary strategy that yields a payoff O(δ + ε). We assume that δ and ε are sufficiently small so that the O(δ + ε) term is much smaller than c 1 .
It now easily follows from Theorem 1.5 that |w(z)| ≤ O(1) |z| −1/3 +O(δ+ε). Consequently, there is some constant r 1 > 2 such that |w| < c 1 /10 on {z ∈ X : |z| ≥ r 1 }, provided that ε + δ is sufficiently small. Set L = c 1 /(8 r 1 ), and let Z L = Z ε L be the set of points z ∈ X such that sup{w(z
Since |w| ≤ c 1 /10 on |z| = r 1 and |w| ≥ c 1 on S := {|z − 1| < 3/4} ∪ {|z + 1| < 3/4}, it follows that every path in the graph (X, E ε ) from S to Y must intersect Z L . (We are assuming R > r 1 .) LetZ L denote the union of Z L and all connected components of (X Z L , E ε ) that are disjoint from Y . We now claim that there is some r 2 > r 1 (which does not depend on ε) such that Z L ⊂ {|z| < r 2 } and thereforeZ L ⊂ {|z| < r 2 }. Indeed, if z 1 , z 2 ∈ X satisfy |z 1 − z 2 | < ε and |z 1 | > 3 r 1 , say, then the strategies for either player of pulling towards z 2 and only giving up when the current position is within distance ε of |z| = r 1 show that
This proves the existence of such an r 2 . We now let player II play a strategy very similar to the backtracking strategy she used in the proof of Theorem 2.1, which we presently describe in detail. Let x 0 , x 1 , . . . denote the sequence of positions of the game. Assume that x 0 ∈Z L . For each t ∈ N, let j t := max{j ∈ N : j ≤ t, x j ∈Z L }. Note that if j t < t, then x jt ∈ Z L . By Lemma 1.1 inside {z ∈ X : |z − 1| ≥ 3/4, |z + 1| ≥ 3/4} the function w satisfies ∆ ∞ w = 0. If x t ∈Z L and player II gets the turn, she moves to some z ∈ B xt (ε) that satisfies w(z) < inf{w(z ′ ) : z ∈ B xt (ε)} + δ 2 −t−1 . While if x t / ∈Z L and player II gets the turn, she moves to any neighbor z of x t that is closer (in the graph metric) to x jt than x t in the subgraph G t of (X, E ε ) spanned by the vertices x jt , x jt+1 , . . . , x t . Now consider the game evolving under any strategy for player I and the above stratgy for player II. Let d t be the graph-distance from x t to x jt in G t . Set
As in the proof of Theorem 2.1, it is easy to verify that w(x t ) ≤ m t and that m t is a supermartingale. Let τ be the time in which the game stops; that is, τ := inf{t ∈ N : x t ∈ Y }. Assume that τ < ∞ a.s. Suppose that we could apply the optional stopping time theorem. Then we would have
Thus,
Since w(x 0 ) is at most the supremum of expected payoffs under the current strategy for player II and an arbitrary strategy guaranteeing τ < ∞ for player I, we obtain w(x 0 ) ≤ O(1) − R + r 2 . This contradicts our previous conclusion that w ∞ = O(1), because we may choose r large. How do we justify the application of the optional stopping time theorem? We slightly modify the strategy for player II. So far, our analysis utilized one advantage to player II in the calculation of w = u ε I ; that is, that it is player I's responsibility to make sure that τ < ∞. Now we have to use the other advantage to player II, which is that player II gets to choose her strategy after knowing what player I's strategy is. Let t 0 be the first time such that with the strategy which player I is using and the above strategy for player II, the game terminates by time t 0 with probability at least 1/2. The new strategy for player II is to play the above strategy until time t 0 , and if the game lasts longer to use an arbitrary strategy which would guarantee a conditioned expected future payoff of u ε II (x t 0 ) = O(1). We may certainly apply the optional stopping time theorem at time τ ∧ t 0 . This does give a contradiction as above,
, and the contradiction proves our claim (12).
Lipschitz g on unit disk with multiple solutions to
Here we construct the counterexample showing that if we omit the assumption inf f > 0, in Corollary 1.9, then it may fails. In the example, X is the unit disk in R 2 , Y is its boundary, F = 0 and f is Lipschitz and take values of both signs. The example is motivated by and similar to the example of Section 5.3. However, since the assumptions of Corollary 1.9 do not hold (obviously), we need to construct the solutions u to ∆ ∞ u = g not by using tug-of-war, but by other means. In fact, we will use a smoothing of Aronsson's function (11) .
The following analytic-geometric lemma will replace the use of the backtracking strategy for player II in Section 5.3. The following notation will be needed. For x ∈ U and u : R → R let Lip x u := inf{Lip W u : x ∈ W ⊂ U, W open} . 
Then
We need a few simple observations before we begin the proof. Suppose that U is an open connected subset of a length space X, that X U is nonempty, and that F : X U → R is Lipschitz and bounded. Let∂U denote the set of all points x ∈ ∂U such that there is a finite length path γ ⊂ X where γ ∩ U = ∅ and γ U = {x}. Set U * := U ∪∂U and for two points x, y ∈ U * let d * (x, y) = d U * (x, y) be the infimum length of paths γ ⊂ U * joining x and y such that γ ∩∂U is finite. Note that (U * , d * ) is a length space. Also, since d * ≥ d on U * × U * , the restriction of F to∂U is Lipschitz. Consequently, this restriction of F has an AM extension u : U * → R with respect to d * . We claim that this is also an AM extension of F with respect to d.
Observe (This can be verified by considering for every pair of distinct points x, y ∈ V the restriction of w to a nearly shortest path joining x and y in X.) Hence, to show that u is AM with respect to d it is enough to prove that sup x∈V Lip x w ≤ Lip ∂V w
holds for arbitrary open V ⊂ U. Observe that for x ∈ U we have Lip x w = Lip * x w, where Lip * refers to d * . Since w is AM with respect to d * , we have Lip * x w ≤ Lip * ∂V w for all x ∈ V . Finally, Lip * ∂V w ≤ Lip ∂V w because d * ≥ d on U * × U * . This proves (14) and thereby shows that w is AM on U with respect to d. In particular, we conclude that Lip * U * w = Lip * ∂U w
for the AM extension of F to U.
Proof of Lemma 5.3 . First, it is clear that Z L is a closed set. Let
and let w : X → R be the AM extension of F * to X (Y ∪ Z L ). We claim that w is also an AM extension of F 2 : Y → R to X Y . Since uniqueness of AM extensions holds in this setting, this will imply w = u 2 and complete the proof, because w = u 1 on Z L . Let U be a connected component of X Z L , and let d * = d U * denote the corresponding metric on U ∪∂U. Note that Lip * ∂U u 1 ≤ L, since Lip x u 1 ≤ L for x ∈ X Z L . By (13) and the assumption Lip Y Z L F 2 ≤ L it follows that that Lip * ∂U ∪(Y ∩U ) F * ≤ L. Thus, we get Lip x w = Lip * x w ≤ L for x ∈ U, which implies Lip x w ≤ L for x ∈ X Z L . Now let V ⊂ X Y be open. In order to prove that w is AM, we need to establish (14) . Without loss of generality, we assume that V is connected. If V ∩Z L = ∅, then (14) certainly holds, since w is AM in X (Z L ∪ Y ).
Suppose now that V ∩ Z L = ∅. Then L 1 := Lip V u 1 > L, by the definition of Z L . Since u 1 is AM, by (15) with u 1 in place of w, V in place of U and d V * in place of d U * , there is a sequence of pairs (x j , y j ) in∂V and a sequence of paths γ j ⊂ V ∪∂V from x j to y j , respectively, such that x j = y j ,
and γ j ∩∂V is finite. For all sufficiently large j, |u 1 (x j ) − u 1 (y j )| > L length(γ j ). Hence γ j ∩ Z L = ∅. Let x ′ j be the first point on γ j that is in Z L and let y Our example is based on smoothing two different modifications of Aronsson's ∞-harmonic function G from (11) . For L > 0 let Z L be the set of points in R 2 {0} such that |∇G| > L. Define the inner an outer radii of Z L : R L := sup{|z| : z ∈ Z L } and r L := inf{|z| : 0 = z / ∈ Z L }, and note that lim L→∞ R L = 0, while r L > 0 for every L > 0. Now fix some large L. Let u denote G restricted to the annulus A L := {z ∈ R 2 : r L /2 ≤ |z| ≤ 1}. Let u j , j = 1, 2, denote the AM function on A L whose boundary values are equal to u on the inner circle and are j on the outer circle, respectively. Lemma 5.3 implies that u 1 = u = u 2 on A L ∩ Z L (provided that L was chosen sufficiently large). Shortly, we will show that there is a function v defined on the unit disk that agrees with u in A L and such that ∆ ∞ v = g (in the viscosity sense), where g is a Lipschitz function. Assuming this for the moment, we can then define v j = u j − j in A L and v j = v − j inside the disk |z| < r L /2. Then v 1 and v 2 are both 0 on the unit circle, and both satisfy ∆ ∞ v j = g, providing the required example. It thus remains to prove be the angle factor of G in (11) . First, observe that a(θ + π) = −a(θ) and a(−θ) = a(θ). Next, note that a(θ) > 0 when θ ∈ (−π/2, π/2). We now verify that a(θ) is C ∞ in a neighborhood of π/2. Write , which is also real-analytic near θ = π/2. We conclude that a(θ) is real-analytic at every θ / ∈ π Z. It is instructive to see that G is ∞-harmonic in R 
near θ = 0. This implies that there is no C ∞ function u that satisfies u(r, 0) = G(r, 0) and u ≤ G in a neighborhood of (r, 0). Thus, ∆ − ∞ G = −∞. We return to the proof of the lemma, and first establish that the lemma holds when we only require that g be continuous, instead of Lipschitz. In this case, the function v may be written as v(r, θ) := ϕ(r) λ(r) a(θ) + (1 − λ(r)) cos θ
for appropriately chosen functions ϕ and λ. The functions ϕ and λ will be C ∞ , will satisfy λ(r) = ϕ(r) = 0 in a neighborhood of 0 and ϕ(r) = r −1/3 , λ(r) = 1 for all r ≥ r 0 /2. It follows that v is Lipschitz and that ∆ ∞ v is C ∞ away from the x-axis and in a neighborhood of 0. It remains to check the behavior of ∆ ∞ v at points on and close to the x-axis. Based on (17), we may estimate ∆ ∞ v for θ = 0 close to 0 and r > 0:
where P is some polynomial. Let r 1 , r 2 , r 3 satisfy 0 < r 3 < r 2 < r 1 < r 0 /2. Choose λ(r) as a C ∞ function that is 0 for r ≤ r 2 , is 1 for r ≥ r 1 , and is strictly monotone in [r 2 , r 1 ]. Choose ϕ(r) as a C ∞ function that is 0 in [0, r 3 ] and is r −1/3 for r ≥ r 2 . When r < r 2 , λ = 0, and hence ∆ ∞ v is C ∞ by (18) . In the range r ∈ [r 2 , r 1 ], we use (19) to conclude that the limit as θ → 0 of ∆ ∞ v exists.
We now argue that there is a continuous function g such that ∆ ∞ v = g in the viscosity sense. Suppose that η is a C 2 function defined in a small open set U containing the point z 0 = (r, 0) such that the minimum of η − v in U occurs at z 0 . We will now perturb η. For sufficiently small s 1 > 0 the function η 1 (z) := η + s 1 |z − z 0 | 2 is a C 2 function defined in U and z 0 is the unique minimum of η 1 − v in U. If s 2 > 0 is chosen much smaller, then the function η 2 (z) = η 1 (z) + s 2 y will still satisfy that the infimum of η 2 − v is attained in U. Moreover, that infimum cannot be attained on the x-axis, because s 2 y is zero on the x-axis, ∇y is not parallel to the x-axis, and ∇v exists. Since s 2 and s 1 are arbitrarily small, we conclude that ∆ ∞ η(z 0 ) ≥ lim z ∆ ∞ v(z) as z tends to z 0 through point not on the x-axis. If we want g to be Lipschitz, we need to eliminate the θ 2/3 term in (19) . Define 
where λ 1 , λ 2 and λ 3 are to be chosen soon. A calculation shows that near θ = 0 we have 
